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Figure 6
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Move Sensor Platform along Survey Path

104
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|

l ~ 106

Acquire Subsurface Sensor Data from One
or More Sensors Mounted to Piatform

108

Associate Position Data with Sensor
Data in a Manner that Accounts for
Dynamic Motion of the Platform

~ 109
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Figure 14

502
/

Provide Multi-Channel Subsurface
Sensor System with GPS

504
/

A
Perform Subsurface Scan using
Sensor System for n Traces

506
, 4

Apply GPS Clock Times to High Accuracy GPS
Locations for Each Discrete Sensor for Every Trace

- 508
y /

Every Sensor Data Point Correctly Positioned with
respect to each other and to an External Reference

510
, 4

Multiple Data Sets are Positioned so they may be
Overlain with Correct Relative Position

l / 512

Plot Sensor Data on a Map with a Geometrically Correct
Position relative to the Reference Plane and to Each Other

513

r

Mark Features that are Coincidence

514
L 4 /

Mark Features that Appear on One Data
Set and Not on Another (with confidence)
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602

J 604

Perform Subsurface Scan using Sensor System

Y
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Correlate GPS Clock Time (e.g., 5 second
intervals) with Scan Number of Data File

608

A
Log Location of Sensor System and Clock
Times using High Accuracy GPS
(e.g., at 0.5 or 1.0 second intervals)

! 610

Fit Location Data Curve with
Mathematical Function

Obtain Position of Each Discrete Sensor (e.g.,
inside or outside a curve, along straight line)
at Every GPS Clock Time

l s 614

Provides High Accuracy GPS Location
at the Scans Marked in the Data File

, 612

I 616

Provides High Accuracy GPS Location for every
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A

/618

Interpolate between GPS Clock Times, using the Positions,
to produce High Accuracy GPS Paosition for every Discrete
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j 620

Determine GPS Position for every
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Provides Geometrically Correct Positions by
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Figure 17
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SENSOR CART POSITIONING SYSTEM AND
METHOD

RELATED APPLICATION

This application is a continuation of U.S. application Ser.
No. 13/342,330 filed Jan. 3, 2012, which is a continuation
U.S. application Ser. No. 11/804,217 filed May 16, 2007,
now U.S. Pat. No. 8,089,390, which claims the benefit of
Provisional Patent Application Ser. No. 60/800,874 filed
May 16, 2006 , to which priority is claimed pursuant to 35
U.S.C. §119(e) and which are hereby incorporated herein by
reference.

FIELD OF THE INVENTION

The present invention relates generally to equipment and
methods used for surveying underground features. More
specifically, the present invention relates to an apparatus and
method for collecting subsurface survey data using a mul-
tiplicity of sensors and associating the subsurface survey
data with positioning data in a manner that accounts for
dynamic motion of the cart that supports the sensors, from
which geometrically true positioning and co-registration of
sensor data may be provided.

BACKGROUND

Various techniques have been developed to detect and
locate underground utilities and other manmade or natural
subsurface structures. It is well understood that before
trenching, boring, or otherwise engaging in invasive sub-
surface activity to install or access utilities, it is imperative
to know the location of any existing utilities and/or obstruc-
tions in order to assist in trenching or boring operations and
minimize safety risks. Currently-existing location data for
buried utilities, however, is often incomplete and suspect in
terms of accuracy.

SUMMARY OF THE INVENTION

The present invention is directed to systems and methods
for surveying underground features. Embodiments of the
present invention are directed to systems and methods for
collecting subsurface survey data using a multiplicity of
sensors and associating the subsurface survey data with
positioning data in a manner that accounts for dynamic
motion of the platform that supports the sensors. Accounting
for dynamic motion of the platform provides for geometri-
cally true positioning and co-registration of a multiplicity of
sensor data sets.

According to embodiments, an apparatus of the present
invention includes a movable platform having a front end, a
back end, a longitudinal axis, and at least one axle oriented
generally transverse to the longitudinal axis and located
between the front and back ends for supporting wheels of the
platform. A position sensor is affixed on the platform at a
location other than at a location defined by a plane passing
through the axle and normal to the longitudinal axis. The
position sensor provides position data as the platform tra-
verses a path. A sensor arrangement is supported by the
platform and configured to provide subsurface sensor data as
the platform traverses the path. A processor is configured to
associate the position data with the sensor data relative to a
reference frame and in a manner that accounts for dynamic
motion of the platform.
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The processor may be configured to associate the position
data with the sensor data relative to the reference frame and
in a manner that accounts for velocity and orientation of the
platform. The processor may be configured to associate
geometrically correct position data with the sensor data
relative to the reference frame. The reference frame may be
a local reference frame or a global reference frame.

The sensor arrangement may be supported by the platform
in a spaced-apart relationship relative to the position sensor.
The sensor arrangement may include at least one of a ground
penetrating radar, an electromagnetic imaging sensor, and a
shallow application seismic sensor. The sensor arrangement
may include a multi-channel sensor arrangement, and the
processor may be configured to associate the position data
with each of a multiplicity of channels of sensor data
developed by the multi-channel sensor arrangement. The
multi-channel sensor arrangement may include, for
example, at least one of a multi-channel ground penetrating
radar and a multi-unit electromagnetic imaging sensor. The
sensor arrangement may include a multiplicity of disparate
sensors that provide disparate subsurface sensor data, and
the processor may be configured to associate the position
data with disparate sensor data developed by the multiplicity
of disparate sensors. The multiplicity of disparate sensors
may include two or more of a ground penetrating radar, an
electromagnetic imaging sensor, a shallow application seis-
mic sensor, a magnetic field sensor, a resistivity sensor, a
gravity sensor or other geophysical sensor.

The position sensor may be affixed on the platform
laterally offset relative to a centerline of the sensor arrange-
ment. The position sensor may cooperate with a ground
station to track the position sensor relative to a fixed local
coordinate system. The position sensor may include a laser
positioning sensor or a GPS positioning sensor. The proces-
sor may be configured to apply GPS clock times to GPS
location data for each discrete sensor of the sensor arrange-
ment for every trace.

An apparatus of the present invention may further include
a second movable platform mechanically coupled to a first
movable platform. A second sensor arrangement is sup-
ported by the second movable platform and configured to
provide subsurface sensor data as the second movable
platform traverses the path. The processor may be config-
ured to associate position data with sensor data provided by
the sensor arrangement in the first movable platform and the
second sensor arrangement in the second movable platform
relative to a reference frame and in a manner that accounts
for dynamic motion of the respective platforms. The pro-
cessor may be configured to associate the position data with
the sensor data provided by the sensor arrangement and the
second sensor arrangement relative to the reference frame
using the position sensor affixed only to one of the first and
second movable platforms and a fixed location of a coupler
that mechanically couples the first and second movable
platforms.

According to other embodiments, a method of the present
invention involves moving a platform along a path. The
platform has a front end, a back end, a longitudinal axis, and
at least one axle oriented generally transverse to the longi-
tudinal axis and located between the front and back ends for
supporting wheels of the platform. Position data is acquired
relative to a location on the platform other than at a location
defined by a plane passing through the axle and normal to
the longitudinal axis. Subsurface sensor data is obtained at
the platform as the platform traverses the path. The position
data is associated with the sensor data relative to a reference
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frame and in a manner that accounts for dynamic motion of
the platform. An output comprising the associated position
and sensor data is produced.

Associating the data may involve associating the position
data with the sensor data relative to the reference frame in
a manner that accounts for velocity and orientation of the
platform. Associating the data may involve comprises asso-
ciating geometrically correct position data with the sensor
data relative to the reference frame.

The subsurface sensor data may comprise at least one of
ground penetrating radar data, electromagnetic imaging
data, shallow application seismic sensor data, magnetic field
data, resistivity data, and gravity data. The position data may
comprise GPS positioning data or laser positioning data, for
example. Methods of the present invention may involve
obtaining subsurface sensor data from a plurality of discrete
subsurface sensors, and applying clock times to the location
data for each sample of sensor data obtained by each discrete
subsurface sensor.

According to further embodiments, a method of the
present invention involves moving a second platform along
the path, with the second platform mechanically coupled to
a first platform at a coupling location. Second position data
is computed for the second platform relative to the coupling
location and the location on the platform other than at the
location defined by the plane passing through the axle and
normal to the longitudinal axis. Second subsurface sensor
data is obtained at the second platform as the second
platforms traverses the path. The second position data is
associated with the second sensor data relative to the refer-
ence frame in a manner that accounts for dynamic motion of
the second platform. An output is produced comprising the
associated second position data and second sensor data.
Associating the position data and producing the output may
be performed after completion of a survey involving the
moving, acquiring, and obtaining processes.

The above summary of the present invention is not
intended to describe each embodiment or every implemen-
tation of the present invention. Advantages and attainments,
together with a more complete understanding of the inven-
tion, will become apparent and appreciated by referring to
the following detailed description and claims taken in con-
junction with the accompanying drawings.

BRIEF DESCRIPTION OF FIGURES

FIG. 1 is a plot showing horizontal error that reduces the
accuracy of sensor positioning measurements using conven-
tional measurement approaches, the horizontal error depen-
dant on target depth and ground slope;

FIGS. 2 and 3 are depictions of a sensor cart situated on
a slope and how depth dependent errors arise from this
orientation of the sensor cart in accordance with conven-
tional sensor position measuring approaches;

FIG. 4 is a plot showing horizontal error due to slope
projection onto a reference surface that reduces the accuracy
of sensor positioning measurements using conventional
measurement approaches;

FIG. 5 shows a plot showing the effect of wheel encoder
“crabbing” on line length that can significantly reduce the
accuracy of sensor positioning measurements using conven-
tional measurement approaches;

FIG. 6 shows processes for performing a survey of a
subsurface in accordance with embodiments of the present
invention;

FIG. 7 is a block diagram of a sensor transport cart
configuration which includes a drive vehicle and one or
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more carts for transporting one or more sensors configured
to survey a subsurface and acquire sensor positioning data in
accordance with embodiments of the present invention;

FIG. 8 shows various features of a sensor cart that
includes a position sensor, such features impacting position-
ing data produced by a cart dynamics model in accordance
with embodiments of the present invention;

FIGS. 9A-13 show various scenarios of a sensor cart that
facilitate an enhanced understanding of a cart dynamics
algorithm according to embodiments of the present inven-
tion;

FIG. 14 is a flow chart of various processes associated
with the acquisition and processing of position sensor data
and data from one or more subsurface survey sensors in a
manner consistent with a cart dynamics modeling approach
in accordance with embodiments of the present invention;

FIG. 15 is a flow chart of various processes associated
with the acquisition and processing of position sensor data
and data from one or more subsurface survey sensors in a
manner consistent with a cart dynamics modeling approach
in accordance with embodiments of the present invention;

FIG. 16 is a block diagram of a system for evaluating a
subsurface that implements cart dynamics modeling algo-
rithms in accordance with embodiments of the present
invention;

FIGS. 17 and 18 show screen images provided to a user
via a graphical user interface of a system for evaluating a
subsurface that implements cart dynamics modeling algo-
rithms in accordance with embodiments of the present
invention;

FIG. 19 shows a screen image provided to a user via a
graphical user interface of a system for evaluating a sub-
surface that implements cart dynamics modeling algorithms
in accordance with embodiments of the present invention;

FIG. 20 shows details of a system for evaluating a
subsurface that implements cart dynamics modeling algo-
rithms in accordance with embodiments of the present
invention;

FIG. 21 shows details of a system for evaluating a
subsurface that implements cart dynamics modeling algo-
rithms in accordance with embodiments of the present
invention; and

FIG. 22 shows an image of a graphical user interface
screen that provide an accurate and efficient visualization of
overlaid sensor data, positioning, field and context notes,
and feature data on a single screen for a selected subsurface
volume that is implemented using cart dynamics modeling
algorithms in accordance with embodiments of the present
invention.

While the invention is amenable to various modifications
and alternative forms, specifics thereof have been shown by
way of example in the drawings and will be described in
detail below. It is to be understood, however, that the
intention is not to limit the invention to the particular
embodiments described. On the contrary, the invention is
intended to cover all modifications, equivalents, and alter-
natives falling within the scope of the invention as defined
by the appended claims.

DESCRIPTION OF VARIOUS EMBODIMENTS

In the following description of the illustrated embodi-
ments, references are made to the accompanying drawings
which form a part hereof, and in which is shown by way of
illustration, various embodiments in which the invention
may be practiced. It is to be understood that other embodi-
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ments may be utilized, and structural and functional changes
may be made without departing from the scope of the
present invention.

The present invention is directed to systems and methods
for acquiring highly accurate positioning data for one or
more sensors configured for subsurface sensing and trans-
port over a path. The present invention is further directed to
associating the sensor data with geometrically correct posi-
tion data acquired for a survey path traversed by a platform,
such as a cart, supporting the sensor arrangement. Geometri-
cally correct position data, or “true geometry,” refers to very
accurate positioning and co-registration of all data sets,
which is achieved through use of a cart dynamics math-
ematical model that allows sensor position to be accurately
determined.

A cart dynamics model of the present invention advanta-
geously accounts for dynamic motion of the sensor platform
that has heretofore been ignored (i.e., assumed not to be
present or errors introduced by same tolerated) by known
positioning and surveying systems and methods. A cart
dynamics modeling approach of the present invention, for
example, accounts for velocity and orientation of the sensor
platform. Positioning data that is assigned to discrete sensor
data samples is geometrically correct, as dynamic motion
errors that adversely affect conventional positioning and
surveying systems and methods are accounted for by a cart
dynamics modeling technique of the present invention.

Surveys are typically performed on straight level roads
and parking lots, often by use of a combination of dead
reckoning, calibrated survey wheel distances, and global
positioning system (GPS) sensors. Such conventional tech-
niques generally yield accuracies on the order of up to a foot.
Although inaccuracies on the order of 10 to 12 inches may
be acceptable in some application, such large positioning
errors can render subsurface surveys of underground utili-
ties, for example, suspect or unusable.

Fundamental limitations that impact the accuracy by
which an underground target can be located are associated
with the antenna and scan spacing. For example, a given
antenna array may have receivers that are spaced at 12 cm.
In this case, the closest one can locate a target cross track is
+6 cm (2.4 inches). A similar limitation occurs in the
direction of travel. For example, if the scan spacing is 2.54
cm (1.0 inch), then the location accuracy limit is £1.27 cm
(0.5 inch). Finally, due to the wavelength of the radar, there
is an accuracy limit in the vertical direction, which may be
about £7.5 cm (3 inches), for example.

A number of different errors arising from different sources
negatively impact the accuracy of conventional surveys.
Many of these errors are either ignored or inadequately
accounted for using conventional positioning techniques,
thereby reducing the accuracy of the resulting survey.

One category of errors includes those that are due largely
to surface slope. There are at least two different error sources
relating to surface slope. The first is a depth dependent error.
This error is caused by the tilt of the sensor platform, such
as a cart, relative to the ground. For example, a GPR (ground
penetrating radar) sensor may be mounted on a cart that
facilitates movement of the GPR sensor along a survey path.
The radar return is due to a target located beneath the cart,
on a line normal to the ground surface that is not vertical
(shortest path from source to target). The radar data are
plotted as if it were vertically below the antenna, giving rise
to a horizontal error that depends on the target depth and
ground slope. This error may occur whether the survey lines
are along or perpendicular to contours. A graph of this error
versus surface slope and target depth is shown in FIG. 1.
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FIGS. 2 and 3 are depictions of a sensor cart, situated on
a slope and how depth dependent errors arise from this
orientation of the sensor cart. If, for example, a target is 5
feet deep beneath a surface with a slope of 10 degrees, there
is a horizontal location error of about 10 inches. For both
accuracy of results and operational issues, slopes should
generally be less than 40 degrees.

Another category of errors includes those that arise using
conventional techniques that rely on use of a survey wheel
on a sloped surface. Here, the error is due to the fact that the
line length projected on a horizontal reference plane is
shorter than the length on the ground. Without using a more
accurate approach to survey control, such as that provided
by GPS positioning, this results in an error that accumulates
with the length of the slope and depends on the slope angle.
A plot for this error is shown in FIG. 4. From the plot of FIG.
4, it can be seen that the horizontal error after traveling 20
feet on a 10 degree slope is about 4 inches.

When traveling downbhill, the two errors discussed above
are additive. For example, the total error possible after
traveling 20 feet downhill on a 10 degree slope and detecting
atarget at 5 foot depth is about 14 inches. However, the error
traveling uphill is the difference of these two values and so
would be 6 inches. In a significant percentage of surveys,
surface slopes ranging from 0 degrees to nearly 15 degrees
are often encountered. So, the potential horizontal error
could range to about 24 inches.

A third category of errors includes errors in line length
due to cart and wheel encoder ‘crabbing.” In this case, an
error occurs if the cart is not tracking correctly behind the
tow vehicle. For example, if the cart is being towed along a
contour line of a slope, and the cart begins to slip downhill
while it is being pulled forward by the tow vehicle (an ATV
for example), the distance measured by the wheel encoder
will be different than the actual line length, because the
wheel is slipping or crabbing.

Discrepancies have been found between the line length
recorded by the wheel encoder and that computed from the
GPS positions along the survey line. Experimentation has
revealed differences between the wheel encoder and GPS of
between 0.2 feet and 12 feet, with the wheel encoder
distance always being shorter. The plot provided in FIG. 5
shows the computed differences in line length due to crab-
bing as a function of crab angle (or the angle between the
direction of travel and the plane of the encoder wheel). This
crabbing error dynamic turns out to be a potentially major
source of error. Where the other errors are measured in
inches, this error can easily be on the order of feet.

A surveying approach in accordance with embodiments of
the present invention provides for position data that is
associated with sensor data in a manner that accounts for
dynamic motion of the sensor cart, thereby accounting for
the sources of error discussed above. A surveying approach
of the present invention provides for sensor data that is
associated with geometrically correct position data for one
or more sensors configured for subsurface sensing. Embodi-
ments of the present invention advantageously avoid or
render negligible the aforementioned errors that negatively
impact the accuracy of subsurface surveys produced using
conventional techniques.

FIG. 6 shows processes for performing a survey of a
subsurface in accordance with embodiments of the present
invention. According to the embodiment of FIG. 6, a plat-
form, such as a cart, is equipped with one or more sensors
and moved 102 along a survey path. Position data is
acquired 104 using a sensor that is mounted to the cart. The
position sensor that is mounted to the cart is preferably a
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GPS sensor. The mounting location of the position sensor in
or on the cart is important so that errors associated with
conventional positioning techniques are avoided and highly
accurate positioning data can be acquired in accordance with
techniques of the present invention.

In particular, position data is acquired using a position
sensor mounted to the platform, such as a cart, away from
the axle (e.g., at a cart location in front of or behind the
wheel axle, which may also be off-center with respect to the
center of the platform). In general, it is convenient to mount
the position sensor on or in the sensor cart. However, it is
understood that the position sensor may be mounted else-
where on the movable structure that includes or is otherwise
coupled to the sensor cart. The position sensor may be
affixed on the cart at a location laterally offset relative to a
centerline of the sensor arrangement or a centerline
of the cart. For example, the positioning sensor may also be
affixed at an elevation differing from that of the subsurface
sensor(s). It has been found that, in some configurations,
positioning accuracy increases as the separation distance
between the position sensor and axle increases.

A cart dynamics model of the present invention accounts
for dynamic motion of the sensor cart, such by accounting
for velocity and orientation of the sensor cart. A cart
dynamics model of the present invention accounts for posi-
tional offset between the positioning sensor and each of the
subsurface sensing devices (e.g., a single device or indi-
vidual sensing elements of an arrayed sensing device). The
cart dynamics model may account for X and Y coordinate
offsets (and Z coordinate if desired), as well as offsets
associated with a tow point and tow distance for sensor carts
that are hitched to a tow vehicle. For example, a sensing
system according to embodiments of the present invention
may include two sensor carts. A first sensor cart may support
a GPR sensor arrangement and a position sensor, and a
second sensor cart may support an EMI sensor arrangement.
The second cart is generally mechanically coupled to the
movable cart, at a tow point and a tow distance relative to
a hitch location at the first sensor cart. A processor config-
ured to implement a cart dynamics model of the present
invention associates the sensor data provided by the GPR
sensor arrangement and the EMI sensor arrangement with
geometrically correct position data, preferably relative to a
reference frame.

According to one approach, a single position sensor may
be used to provide highly accurate positioning for a multi-
plicity of sensor carts that are mechanically coupled
together, in a daisy-chained fashion. For example, the loca-
tion of one position sensor on a first sensor cart may be used
to derive the sensor positions on the trailing cart or carts. A
first sensor cart may support a primary position sensor, and
this primary position sensor may be used to compute the
locations of the subsurface and/or geophysical sensors in the
first sensor cart and of a single point tow position for a ball
hitch used to tow the second sensor cart. This single point
tow position can then be used as a pseudo-position sensor to
compute the locations of the subsurface and/or geophysical
sensors on the second sensor cart. In this way, the positions
of each subsurface and/or geophysical sensor in each sensor
cart of a train of sensor carts can be measured with high
accuracy using a single position sensor in one of the sensor
carts.

Subsurface sensor data is acquired 106 from one or more
sensors mounted to the cart. Useful sensors that may be used
individually or, preferably, in combination include a ground
penetrating radar sensor arrangement, an electromagnetic
induction sensor arrangement, and a shallow application
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seismic sensor arrangement. Other sensors that can be
deployed include one or more of a video or still camera,
magnetic fields sensor arrangement (e.g., magnetometers),
among others. Position data may be acquired for each of the
various sensors in a manner consistent with the present
invention.

The position data is associated with the subsurface sensor
data acquired over the course of the survey path in a manner
that accounts for dynamic motion of the platform. In this
manner, the subsurface sensor data acquired over the course
of the survey path is associated with geometrically correct
position data, typically relative to a reference frame that may
be local or global. An output of the associated position and
sensor data is produced 109.

Other forms of information, such as manual survey data,
field notes, and CAD features, may be acquired or otherwise
associated with the subsurface sensor data. Each of these
other information sources may include data that has asso-
ciated positioning data obtained from a reliable source or
highly accurate device (e.g., GPS sensor). Collection of
subsurface survey data using a multiplicity of disparate
sensors and positioning data for the sensors in this manner
provides for geometrically true positioning and co-registra-
tion of sensor data and other forms of information or data,
such as those discussed above. Highly accurate positioning
and co-registration of all data sets is achieved through use of
a unique mathematical model that accounts for dynamic
motion of the sensor cart(s) and allows sensor position to be
accurately determined as the sensor arrangement traverses a
survey path.

FIG. 7 is a block diagram of a typical sensor transport cart
configuration 200, which includes a drive vehicle 208, such
as a small tractor or ATV, to which is hitched a GPR cart 202.
An EMI (electromagnetic imaging) sensor cart 206 is shown
hitched to the GPR cart 202. A GPS sensor 204 is mounted
on the GPR cart 202, at a location in front of or behind the
GPR cart axle. A fixed ground GPS sensor or tracking
system 210 is preferably used that cooperates with the GPS
sensor 204 mounted to the GPR cart 202, although a laser
position sensor and tracking system may be employed.

The configuration shown in FIG. 7 also includes a shallow
application seismic sensor 212 and associated GPS sensor
214. The shallow application seismic sensor 212 is typically
transported over the site separately from the EMI and GPR
sensors, primarily due to the need to mechanically couple
the seismic sensor 212 to the ground when performing
seismic imaging of a subsurface. An exemplary seismic
sensor 212 to use in the context of the present invention is
disclosed in commonly owned co-pending U.S. Provisional
Patent Application Ser. No. 60/789,698, filed on Apr. 6,
2006, which is hereby incorporated by reference.

As discussed previously, the position sensor 204 is pref-
erably supported by the sensor cart 202 or 206 in a spaced-
apart relationship relative to the sensor or sensors that are
configured to acquire subsurface measurements. It is under-
stood, however, that the cart dynamics model of the present
invention that allows sensor position to be accurately deter-
mined as the sensor arrangement traverses a survey path
may be employed for subsurface sensors that have an
integrated position sensor. For example, the cart dynamics
model of the present invention allows sensor position to be
accurately determined in three dimensions (e.g., X and Y
surface coordinates and an elevation coordinate, 7), irre-
spective of whether the subsurface sensing arrangement is
mounted at the position sensor location or other location
spaced apart from the position sensor location.
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However, the cart dynamics model of the present inven-
tion finds particular applicability in survey system deploy-
ments that have two or more spaced-apart sensors or arrays
of sensors and a single position sensor (or where the number
of position sensors is less than the number of spaced-apart
sensors). For example, highly accurate positioning data may
be determined using a cart dynamics model of the present
invention for a sensor arrangement that includes a multi-
channel sensor arrangement.

An on-board or external processor 205 (e.g., PC or laptop)
is preferably configured to associate (in real-time or in batch
mode) position data with multiple channels of sensor data
developed by the multi-channel sensor arrangement relative
to a reference frame and in a manner that accounts for
dynamic motion of the sensor cart. Typically, positioning
and sensor data association is performed after completion of
the survey of a desired site (i.e., after acquisition of the
sensor data and positioning data).

The multi-channel sensor arrangement may include one or
more of a multi-channel ground penetrating radar and a
multi-unit electromagnetic imaging sensor. The sensor
arrangement may also include a multiplicity of disparate
sensors that provide disparate subsurface sensor data, and
the processor may be configured to associate the disparate
sensor data developed by the multiplicity of disparate sen-
sors with geometrically correct position data relative to the
reference frame. The disparate sensors may include two or
more of a ground penetrating radar, an electromagnetic
imaging sensor, and a shallow application seismic sensor.

FIGS. 8-13 show various scenarios of a sensor cart that
facilitate an understanding of a cart dynamics algorithm
according to embodiments of the present invention. With
reference to FIG. 8, let (x,y) be the global coordinate system.
Let (u,v) be a local coordinate system for the cart. The cart
geometry is defined by:

the center of the cart axle at (u,v)=(0,0), and the axle is

parallel to the v-axis;

the GPS antenna is located at (u,v)=(p,q).

Suppose the global trajectory of the antenna is (ax(t),
ay(t)). The cart trajectory is defined by the path of the cart
center (cx(t), cy(t)) and the angle that the cart’s u-axis makes
relative to the global x-axis, 6(t). The motion of the cart is
determined by two factors. Firstly, the antenna position can
be calculated from the cart position and orientation:

ax) fex cos(d) —sin(@) Y p
(ay ] - ( cy ] * ( sin(6)  cos(9) ]( q ]

Secondly, the cart center cannot move parallel to the axle—
this involves the wheels sliding sideways—which translates
to:

ck —sin(#) 0
[cy].( cos(8) ] -

Differentiating the first equation with respect to time and
imposing the second condition yields a set of ordinary
differential equations for the cart motion:

) 1{ak (—sin(@)]
_;[ay]. cos(9)
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-continued
cx ax ( —sin(f) —cos(8) ]( p ]0
cy B ay ' cos(@) —sin(@) N g

The antenna speed (aX, ay) can be calculated from a
smooth (e.g., spline) fit to the discrete set of measured
antenna positions and times. The initial cart position and
orientation can be calculated by assuming that the cart’s
u-axis is parallel to the initial antenna speed, and then the
differential equations above can be integrated (e.g., using a
Runge-Kutta scheme) to give the cart trajectory.

FIGS. 9A-13 show different scenarios for mounting the
sensor relative to the axle of the cart. It has been determined
that the position of the sensor relative to the axle dictates
whether or not the dynamic is defined (i.e., valid) or
becomes undefined (i.e., not valid). FIGS. 9A-10B demon-
strate that the cart dynamics model becomes undefined when
the position of the sensor (p) is on the axle (p=0). FIGS.
12A-13 demonstrate that the cart dynamics model is defined
for sensor positions located ahead of the axle (i.e., p>0).
Although not shown in these Figures, the cart dynamics
model is also defined for sensor positions located in back of
the axle (resulting in a simple change in the sign of the p
term from positive to negative in the equations above).

FIGS. 12A-13 demonstrates that the dynamic model very
accurately tracks the actual cart center motion when the
sensor is positioned ahead of the axle. Conversely, FIGS.
12A-13 clearly demonstrate that the conventional simple
“tangent” method poorly tracks the center of cart motion.
Using a conventional simple tangent method, an error is
unavoidable on any curve when the sensor is not positioned
on the axle. This error on the curve grows larger as the
distance between the axle and sensor position increases
when using a conventional simple tangent method.

FIG. 14 is a flow chart of various processes associated
with the acquisition and processing of position sensor data
and data from one or more subsurface survey sensors in a
manner consistent with a cart dynamics modeling approach
in accordance with embodiments of the present invention. A
multi-channel subsurface sensor system is preferably pro-
vided with a GPS positioning capability 502, such as the
system shown in FIG. 7, and is used to perform a subsurface
scan 504 for n traces. GPS clock times are applied to high
accuracy GPS locations for each discrete sensor for every
trace 506.

Every sensor data point is correctly positioned with
respect to each other and to an external reference 508.
Multiple data sets are positioned so they may be overlain
with correct relative position 510. Sensor data is plotted on
a map with a geometrically correct position relative to the
reference frame and the each other 512. Features are marked
that are coincident 513. Features that appear on one data set
but not on another are marked 514, and a confidence value
may be applied to such marks.

FIG. 15 is a flow chart of various processes associated
with the acquisition and processing of position sensor data
and data from one or more subsurface survey sensors in a
manner consistent with a cart dynamics modeling approach
in accordance with embodiments of the present invention. A
multi-channel subsurface sensor system equipped with a
GPS positioning capability 602 is used to perform a sub-
surface scan 604. GPS clock times (e.g., 5 second intervals)
are correlated with the scan number of the GPR data file 606.
The location of the sensor system and clock times are logged
using high accuracy GPS (e.g., at 0.5 or 1.0 second intervals)
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608. A location data curve developed from the data is fitted
with a mathematical function 610. The position of each
discrete sensor, whether at an inside or outside curve loca-
tion or straight line location, is obtained at every GPS clock
time 612. The provides a high accuracy GPS location at the
scans marked in the data file 614. This also provides a high
accuracy GPS location for every discrete sensor trace at
logged clock times 616.

Using the positions obtained in block 612, a high accuracy
GPS position is obtained for every discrete sensor at every
GPS clock time by interpolating between GPS clock times
618. The GPS position for every trace of every discrete
sensor is determined 620. This process provides for geo-
metrically correct positions by applying GPS clock times to
high accuracy GPS locations for every discrete sensor trace
622.

It is understood that the clock times that are correlated
with the scan number of the GPR data file or other sensor
data file may be generated by appropriate clock sources
other than a GPS source, such as an internal clock time of
a computer or PC. It is further noted that the position sensor
may be of a type different from a GPS sensor, such as a laser
tracking sensor or system, and that clock times derived from
an appropriate clock source may be applied to locations
indicated by such other position sensor for each discrete
sensor for every trace.

The “trueness” of the geometry that provides for geo-
metrically correct positions for the various subsurface sensor
data is based in part on supplying a geo-referenced position
to each and every sensor trace, such as every GPR trace.
According to one approach, a high stability, high accuracy
GPS or other clock time is logged. This time is correlated
with a scan number of the GPR data file. Also collected is
high accuracy GPS other position sensor data at 0.5 or 1.0
second intervals. The location data curve is fit with a
mathematical function, and the cart dynamics algorithm
previously discussed is used to obtain the position of each
antenna at every GPS clock time (or clock time from another
suitable clock time source).

The dynamics of the sensor cart are tracked so that the
location of the GPS antenna on the inside or outside of the
curve can be determined, which is evident if the data points
are compressed or rarified as the cart goes around a corner.
A high accuracy GPS location or other suitably derived
location is thus obtained for each antenna at all GPS clock
times (or other device that provides clock times), thus
providing a high accuracy position at the scans marked in the
GPR data, and a high accuracy position for every antenna
trace at these times. A processor then interpolates between
the clock times, using the positions, to obtain a high accu-
racy position for every antenna, at every clock time. These
data are used to obtain a position for every trace of every
antenna, using the cart dynamics algorithm to compute the
positions.

The geometrically correct positions are thus derived from
applying clock times, such as GPS clock times, to high
accuracy sensor derived locations (e.g., GPS locations), for
every trace. This results in high accuracy positions for a 2D,
irregular grid of the surface position of every trace. For
example, if there are 3 swaths of 14 channels, over a length
of'50 feet, at 1 scan per inch, a position file with the locations
of 25,200 GPR traces is thus generated—all positioned
correctly with respect to an external reference and to each
other. The same calculations are made for every data point
collected with the EMI sensor system, except that only a
single scalar value is obtained rather than the 3D block with
a depth that is obtained from the GPR sensor. The position-
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ing algorithm applies to the EMI sensor data and to seismic
sensor data, which is more like the GPR data.

By way of example, if an acre of data is obtained with a
trace every 4 square inches, at total of 1,568,160 locations
need to be managed. If one only surveys the start and end
points and assumes a straight line, one essentially does the
same calculation to again get the positions of the 25,200
traces, except that now the lines are straight and not poten-
tially curved.

Every data point has now been positioned correctly with
respect to each other and to an external reference, which
may be an external reference in latitude and longitude
format or in state plane coordinates, for example. The data
may be plotted on a map on a graphical user interface with
a geometrically correct position to the reference frame, and
as importantly, to each other. Thus, multiple data sets are
positioned so they may be overlain with the correct relative
position, and features that are coincident may be marked,
along with those that appear on one data set and not on
another. This provides the user with confidence that one
really can see features that appear on one data set and not on
another. If there is uncertainty in the relative positions, the
user would not know if the feature is seen on one sensor and
not the other (i.e., 2 distinct features) or if they are the same
feature but there has been a mis-location between the two
data sets (1 distinct feature with relative mis-location).

A cart dynamics model of the present invention may be
embodied in a variety of ways of varying complexity. For
example, cart dynamics modeling software may be imple-
mented by a processor of a movable survey system, such as
those discussed above. Cart dynamics modeling software
may also be implemented as part of a more comprehensive
system, such as that illustrated in FIGS. 16, 20 and 21, for
example, in which cart dynamics modeling occurs after
completion of the survey. It is understood that the cart
dynamics modeling approach of the present invention is not
limited to application in the disclosed systems, by find
applicability in a wide variety of implementations where
accurate association of sensor data to sensing location is
required, particularly where a multiplicity of disparate sen-
sor data is to be co-registered.

Referring now to FIG. 16, there is shown a system for
evaluating a subsurface in accordance with embodiments of
the present invention. The system 1100 includes a number of
sub-systems that perform useful and unique functions. These
sub-systems include a data acquisition shell (DAS) 1102, a
data processing engine (DPE), a data visualization tool
(SPADE system) 1112, and a feature fusion system (FUSE)
1120, which may include a map generation sub-system
1222. Each of these sub-systems embodies inventive fea-
tures as stand-alone modules. Inventive features are also
found by cooperation between two or more sub-systems.
The following discussion concerning FIG. 16 is directed
primarily to a data visualization tool, SPADE 1112, that
facilitates implementation of a cart dynamics modeling
technique of the present invention.

As is shown in FIG. 16, DAS 1102 receives data acquired
from one or more position sensors 1104 and two or more
subsurface imaging or detection sensors 1106. Typical posi-
tion sensors 1104 include mobile and fixed GPS sensors, and
aposition sensor. Typical sensors 1106 include GPR (e.g., 14
channel GPR), multi-unit electromagnetic imaging (EMI)
sensor, and a high frequency shallow application seismic
sensor. It is understood that other geophysical or subsurface
sensors may be employed to facilitate subsurface and soil
geology/soil mechanics evaluation, including a multiple-
unit magnetic field sensor, resistivity sensor, gravity sensor,
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for example. Data from such other sensors may also be
ported to DAS 102, and that such data may also be tagged
with positioning data.

DAS 1102 operates as an umbrella or shell for the various
sensors 1104, 1106. DAS 1102 provides a number of func-
tions, including navigation of a site. In a typical system
deployment, DAS 1102 may receive multiple GPS sensor
data, multiple (e.g., three) EMI sensor data, GPR sensor
positioning data, EMI sensor positioning data, and position
sensor data. In this regard, DAS 1102 collects separate,
asynchronous data streams for the various subsurface imag-
ing or detection sensors 1106 and position sensor 1104, such
as one or more GPS sensors. DAS 1102 may also be
configured to implement a cart dynamics algorithm and
provides very accurate positioning and co-registration of all
data sets, thus allowing for alignment of such data for
presentation in true geometry. DAS 1102 also provides for
EMI sensor calibration and survey control, a battery moni-
tor, remote sensor evaluation, preliminary sensor data pro-
cessing, and a full on-line help facility.

FIGS. 17 and 18 show screen images provided to a user
via a graphical user interface (GUI) of DAS 1102. FIGS. 17
and 18 show aerial views of different sites imported to DAS
1102, with GPS position markers for the site indicated along
the X and Y axes. Tracks of GPS acquired for the site shown
in FIG. 18 are plotted along a curved residential street. A
variety of maps may be imported into DAS 1102, including
aerial, satellite, topographical, cultural, utility, structural, or
any other map type (or combination of same) providing
information of importance to the survey. Battery status of the
various sensors, including EMI, GPR, GPS, and high fre-
quency seismic sensors, for example, may be provided in the
GUI of DAS 1102.

FIG. 19 shows a screen image provided to a user via a
GUI of data processing engine 1110. DPE 1110 performs a
number of operations on the data received from DAS 1102
and other data. DPE 1110, for example, performs sorting of
EMI sensor data received from DAS 1102, and handles GPS
to UTM or State Plane conversion. DPE 1110 also sorts GPR
sensor and positioning data received from the GPR sensor
and GPS sensor associated with the GPR sensor. This sorting
entails merging all sensor data sets into a single file with all
data points correctly associated with a position. These
positions may be in any of a plurality of global reference
frames, depending upon the requirements of the individual
survey.

As can be seen in FIG. 19, configuration parameters
associated with a cart that is used to transport the various
sensors at a site may be established by the user. The cart
configuration screen shown in FIG. 19 allows the user to set
up the geometry of the sensors of the sensor carts relative to
the position of the antenna of the GPS sensor, such as GPS
sensor 1204 shown in FIG. 7. The values of X and Y offsets
of'the GPR and EMI sensors relative to the antenna position
may be input. Values for the tow point and tow distance may
also be input. A cart dynamics algorithm of the present
invention uses the sensor geometry parameters shown in
FIG. 19 to very accurately determine the position of each
sensor relative to a single reference (e.g., a single GPS
antenna). Using this approach, the cumulative errors that can
occur when using a conventional “tangent” method are
altogether avoided. It is noted that such errors can be 1 or
several meters, particularly when the cart is navigating
curves. Such errors may be acceptable is some applications,
but may be wholly unacceptable in others.

Returning to FIG. 16, DPE 1110 creates files for direct
import to the SPADE system 1112. DPE 1110 has the
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capability to handle multiple positioning scenarios, includ-
ing full GPS, GPS end points, surveyed end points, straight
lines, and curved lines. A full on-line help facility for DPE
1110 is available to the user.

SPADE 1112 provides a number of capabilities, including
feature extraction 1118, EMI sensor data processing 1116
(e.g., inversion of EMI sensor data for depth computations),
shallow application seismic sensor data processing 1114,
and a variety of data visualization capabilities 1113. SPADE
1112 also provides for the import/input of field notes,
context notes, and cultural features (and any related posi-
tioning data) concerning the site. A feature fusion system
1120 provides for feature fusion, confidence measure, and
mapping functions. This data fusion function takes the
features identified in SPADE 1112 by the separate sensor
platforms, and performs a data fusion function. Thus, the
product of this step is a fused set of feature locations and
identifiers, each with a higher confidence of detection prob-
ability than any sensor used alone. The point of this step is
to provide a map with higher probability of detection and
lower false alarm rates than is possible if any single sensor
were used independently.

FIG. 20 shows additional details of SPADE 1112 in
accordance with embodiments of the present invention. As
is shown in FIG. 20, SPADE functionality may be imple-
mented using a processor 1134 coupled to a display 1113 that
supports a

GUI for SPADE 1112. A user input device 1140 (e.g.,
keyboard, mouse, trackball, touch stylus for a touch sensi-
tive display, microphone for voice activated I/O) is also
coupled to the processor 1134 to facilitate user interaction
with SPADE 1112.

Raw sensor data is acquired by a number of sensors
1106A-1106N, such as those described above. The raw
sensor data, any associated calibration data 1107A-1107N,
and position data 1104 for each of the sensor 1106 A-1106N
is processed to form raw image data 1324A-1324N for each
of the raw sensor data sets. The processing of raw sensor
data 1106 A-1106N, calibration data 1107 A-1107N, position
data 1104 and raw image data may be handled by DAS 1102
and DPE 1110 discussed above with reference to FIG. 16.
Also, the position data 1104 associated with each sensor
1106A-1106N may be acquired using a position sensor
dedicated to each sensor or a position sensor common to two
or more sensors. For example, high accuracy GPS position
data may be acquired for two or more sensors (e.g., GPR and
EMI sensors) in accordance with a cart dynamics algorithm
of the present invention.

The raw image data 1324A-1324N is ported to SPADE
1112. For GPR sensor data, the raw image data may include
a file of GPR sensor data plus a text file giving the global
(X,Y) coordinates for each scan and channel. For EMI
sensor data, the raw image data may include a text file
giving, for each coil at each station, the global (X.Y)
coordinates of the coil and EMI sensor data for the various
time gates. For seismic sensor data, the raw image data may
include a file of seismic sensor data plus a text file giving the
global (X,Y) coordinates for each scan and channel. This
makes SPADE 1112 independent of how the various sensor
data was collected. SPADE 1112 may also receive context
notes 1138, field notes 1136, and cultural feature data 1135
for a user input device 1140 or via an interface to an external
system (e.g., text files). SPADE 1112 may also export
various data, including features, as a text file, and images,
such as in an internal Matlab or other format.

According to one embodiment, a typical GPR data set
may include a GPR data file and a mapping data file, which
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is a text file containing the global (X,Y) coordinates of each
scan and channel in the GPR data file. One possible format
for the mapping data file is:

Line 1 contains #channels=C, #scans=N;

Line i+1 contains X(i,1), Y(i,1), X(1,2), Y(1,2), . . . X(i,C),
Y(i,C), where X(i,j) is the X coordinate of the i-th scan and
j-th channel, and Y(i,k) is the corresponding Y coordinate.

To import the GPR data set, the user is prompted to
specify:

The name of the GPR data file and mapping data file;

The number of time samples per scan (e.g., default may
be 512) and channels (e.g., default may be 14);

The vertical distance between consecutive time samples
in a scan;

A name for the Matlab or other application variable that
will store the 3D image.

If more that one file is selected for import, SPADE 112
merges the corresponding 3D images into a single image by
resampling the GPR data onto a regular (X,Y) grid. The
orientation of the grid with respect to the (X,Y) axes and the
spacing of the grid is determined automatically. The resa-
mpling process uses a nearest neighbor algorithm, and
where images overlap, the later images in the sequence
overwrite the earlier images. Regions in the combined image
not covered by an input image have data values set to zero.

For EMI sensor data, this data is provided as a text file.
One possible format is:

The first line contains
#scans=N;

Each subsequent line contains X,Y,V(1), . .. V(G), where
X,Y are global coordinates of a coil and V(1), . . . V(G) are
the signals obtained by that coil at each time gate.

Apart from the first line, the data can appear in any order
in the file. For example, there is no need for a particular
ordering by coil or by scan. There is no requirement for the
X.,Y coordinates to follow any geometric pattern. If multiple
EMI files are selected for import, the corresponding data sets
are simply concatenated together to make a single data set.

Field notes may be stored in an XML format, for example.
Each field note may contain the following data:

Identifier: a short text string that uniquely identifies the
field note;

Physical type: a text string, selected from a set of possible
strings, that could be used by SPADE 1112 to provide for
automated feature extraction (e.g., manhole, wire drop,
sewer drain, etc.);

Display type: a text string, selected from a set of possible
strings, that determines how the field note is displayed in the
SPADE GUI (e.g., water, electricity, gas);

Polyline: an Nx3 array of numerical values, where each
row gives the global X,Y,Z coordinates of a point in a
polyline that describes the geometry of the filed note object;

Annotation: a text string that is displayed to the user in the
SPADE GUI (e.g., for navigational purposes).

Features can be imported or exported either in DXF or
XML format. In DXF format, each feature is represented by
a polyline. In the XML format, each feature contains the
following data:

Polyline: an Nx3 array of numerical values, where each
row gives the global X,Y,Z coordinates of a point in a
polyline that describes the geometry of the feature;

Source: a text string, selected from a set of possible
strings, to indicate the source of the feature (e.g., user,
RADAN, Surfer, SPADE 1112, or other source);

Explanation: a text string that can be used to assist the
feature fusion process performed by FUSE 1120.

#coils-C, #time gates=G,

10

15

20

25

30

35

40

45

50

55

60

65

16

When a DXF file is imported, the user is prompted to
specify a Source and Explanation that will be applied to all
the features in the file.

SPADE 1112 operates on the raw image data 1324A-
1324N to extract features of interest. Typical features
include utilities, trenches, archeological or forensic objects,
geologic boundaries or items of interest, items in road
analysis such as delaminations, roadbed boundaries, rebar
locations, etc. Features are any item that give rise to a
geophysical signature that is of interest to the survey, client
or interpreter. Features may be identified via SPADE gen-
erated image processing primitives (IPPs) and feature
extraction primitives (FEPs) for GPR and EMI sensor data,
for example. Examples of FEPs may include a region of
interest, feature templates, points, lines, and planes. IPPs of
interest may be identified by use of background removal,
deconvolution, and migration. Features may also be entered
in an external file that is imported into SPADE 1112, and
then displayed or visualized within the SPADE GUI for
further evaluation. A user may also participate actively in the
production of a processed image 1304 via SPADE 1112.

For each sensor data set 1324A-1324N, SPADE 1112
identifies linear features 1330A-1330N. Inversion of EMI
data may be performed 1116 to obtain depth data for
identified features. The linear feature output data produced
by SPADE 1112 may be ported to FUSE 1120, which may
perform a feature fusion operation on this data. Joint linear
features 1342 may be identified, which may involve user
interpretation. Features identified by SPADE 1112 may be
mapped 1344 by FUSE 1120.

FIG. 21 shows additional features of SPADE 1112 and
various data visualizations produced by the SPADE GUI that
provide for very accurate positioning and co-registration of
all data sets, achieved in part through use of a cart dynamics
model of the present invention that allows sensor position to
be accurately determined as the sensor arrangement tra-
verses a survey path. SPADE 1112 can be configured to
display single GPR swaths with GPS positions 1404 or
display multiple merged GPR swaths with GPS positions
1406. SPADE 1112 can be also configured to display straight
data tracks 1408, curved data tracks 1410, and GPS or
surveyed positions 1412. SPADE 1112 can be configured to
facilitate target picking, feature creation, and provide DXF
output 1414, as previously discussed. Also, as previously
discussed, SPADE 1112 can be configured to facilitate
import of features, field notes, context notes, and cultural
features 1416.

SPADE 1112 can be configured to display multiple data
slices at arbitrary orientations 1418. SPADE 1112 can be
configured to implement various signal processing algo-
rithms 1424 and automated feature extraction routines 1426.
SPADE 1112 can be configured to display EMI data coin-
cident with GPR data 1428 (and further with seismic data).
Various EMI processing algorithms may be implemented
1430 by SPADE 1112, including automated EMI depth
inversion 1432. SPADE 1112 can be configured to facilitate
import of CAD layer maps 1434 and import of bitmap
images 1436. SPADE 1112 can also be configured to imple-
ment automated feature fusion via FUSE 1120. SPADE 1112
may be implemented using Matlab (e.g., Matlab version 7),
as in the embodiment described hereinbelow, or in other
platforms, such as VIK, C++, Java or other platforms.

Turning now to FIG. 22, there is shown an image of a GUI
screen for SPADE 1112 that may be made available to the
user. The GUI screen shown in FIG. 22 provides an accurate
and efficient visualization (2D and 3D) of overlaid sensor
data, positioning, field and context notes, and feature data on



US 9,470,789 B2

17

a single screen for a selected subsurface volume heretofore
unavailable using conventional systems and approaches.
According to one embodiment, the SPADE GUI is imple-
mented as a standard Matlab figure window. This automati-
cally provides a wide range of functions, such as the ability
to save and export the figure window, navigation of 2D and
3D plots (pan, zoom, rotate, etc.), control of properties of
graphics objects (colors, markers, line styles, etc.), and add
annotations, axis labels, legends, etc.

The main components of the SPADE GUI shown in FIG.
22 include a menu for selecting various operations (e.g., data
import, export, etc.). The GUI also includes an object list,
which contains a list of the objects that SPADE 1112 can
manipulate (images, field notes, features, etc.) and allows
the display of those objects in the 3D plot to be configured.
The GUI further includes the 3D plot, which is intended for
overall navigation of the data. The GUI also includes two or
three 2D plots, each of which can show one or any of the 2D
image objects in the system, and which are intended for
detailed inspection of the data. A set of button are also
provided that enable various means for interacting with the
2D and 3D plots using the mouse or other input device. A
command line textbox is also provided for executing Matlab
or other software enabled commands.

Additional details of systems that incorporate SPADE and
a cart dynamics modeling approach as described herein-
above are disclosed in co-pending U.S. patent application
Ser. No. 11/804,310, filed May 16, 2007 which is incorpo-
rated herein by reference. Moreover, known systems and
methods that provide for subsurface surveying that utilize a
more conventional “tangent” positioning technique may
benefit significantly from the improved accuracy of sensor
positioning realizable by incorporating a cart dynamics
modeling approach of the present invention, such as that
disclosed in U.S. Pat. No. 6,766,253, which is incorporated
herein by reference.

Various modifications and additions can be made to the
preferred embodiments discussed hereinabove without
departing from the scope of the present invention. For
example, the cart dynamics algorithm described hereinabove
assumes presence of an axle that supports wheels. It is
understood that the sensor cart may have arrangements other
than wheels, such a tracks or runners. Moreover, sensor carts
having multiple axles may be used. Accordingly, the scope
of the present invention should not be limited by the
particular embodiments described above, but should be
defined only by the claims set forth below and equivalents
thereof.

What is claimed is:

1. An apparatus, comprising:

a platform configured to traverse on the ground and along
a path;

one or more position sensors physically coupled to the
platform and configured to provide position data as the
platform traverses along the path;

a sensor arrangement physically coupled to the platform
and configured to provide three-dimensional subsur-
face sensor data including depth data as the platform
traverses along the path, the sensor arrangement com-
prising a plurality of sensors spaced apart from one
another and at a known offset position and orientation
relative to the one or more position sensors; and

a processor comprising an output and configured to:
produce geometrically correct position data by correct-

ing for curvilinear dynamic motion errors in the
position data using offset data defining the known
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offset position and orientation of each sensor relative
to the one or more position sensors;

associate a geometrically correct position with the
three-dimensional data provided by the sensors; and

provide output data comprising the three-dimensional
sensor data and associated geometrically correct
position data for each of the sensors at the output of
the processor.

2. The apparatus of claim 1, wherein the apparatus com-
prises a plurality of position sensors.

3. The apparatus of claim 2, wherein the processor is
configured to determine three-dimensional position and ori-
entation of the platform using the plurality of position
sensors.

4. The apparatus of claim 1, wherein:

the apparatus comprises a plurality of position sensors;

and

the plurality of position sensors comprises two or more of

a GPS, a laser positioning sensor, and a wheel encoder.

5. The apparatus of claim 1, wherein the apparatus com-
prises a ground station configured to track the one or more
position sensors relative to a fixed local coordinate system.

6. The apparatus of claim 1, wherein:

the sensor arrangement is configured to sense terrain

elevation variations along the path; and

the processor is configured to determine sensor position in

three dimensions including X and Y surface coordi-
nates and elevation.

7. The apparatus of claim 1, wherein the processor is
configured to record sample clock times of the plurality of
sensors.

8. The apparatus of claim 1, wherein the processor is
configured to associate the position data with the sensor data
relative to a local or global reference frame and in a manner
that accounts for velocity and orientation of the platform.

9. The apparatus of claim 1, further comprising a graphi-
cal user interface (GUI) configured to facilitate construction
of subsurface objects in three dimensions.

10. The apparatus of claim 1, further comprising a graphi-
cal user interface (GUI) configured to facilitate three-dimen-
sional subsurface feature identification.

11. The apparatus of claim 1, further comprising a graphi-
cal user interface (GUI) configured to facilitate three-dimen-
sional visualization and user picking of a subsurface feature,
the GUI further configured to identify the picked subsurface
feature.

12. The apparatus of claim 1, further comprising a graphi-
cal user interface (GUI) configured to display multiple
sensor data slices at arbitrary orientations.

13. The apparatus of claim 1, wherein:

the plurality of sensors comprises disparate sensors; and

the processor is configured to implement fusion of data

produced by the disparate sensors for refining the
location of subsurface features and objects.

14. The apparatus of claim 1, wherein:

the plurality of sensors comprises disparate sensors; and

the processor is configured to facilitate co-registration and

fusion of data produced by the plurality of disparate
sensors.

15. The apparatus of claim 1, wherein the processor is
configured to facilitate labeling of subsurface features and
storage of subsurface feature labels and sensor data for
subsequent access.

16. A method, comprising:

moving a platform along a path, the platform supporting

one or more position sensors configured to provide
position data as the platform traverses along the path,
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the platform further supporting a sensor arrangement
comprising a plurality of sensors spaced apart from one
another and at a known offset position and orientation
relative to the one or more position sensors;

obtaining three-dimensional subsurface sensor data
including depth data using the plurality of sensors as
the platform traverses along the path;
producing geometrically correct position data by correct-
ing for curvilinear dynamic motion errors in the posi-
tion data using offset data defining the known offset
position and orientation of each sensor relative to the
one or more position sensors;
associating a geometrically correct position with the
three-dimensional subsurface sensor data; and

providing output data comprising the three-dimensional
sensor data and associated geometrically correct posi-
tion data for each of the sensors.

17. The method of claim 16, wherein associating com-
prises associating the position with the sensor data relative
to a reference frame in a manner that accounts for velocity
and orientation of the platform.

18. The method of claim 16, further comprising:

sensing terrain elevation variations along the path; and

determining sensor position in three dimensions including
X and Y surface coordinates and elevation.

19. The method of claim 16, comprising:

obtaining the subsurface sensor data from a plurality of

discrete sensors; and
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applying clock times to the position data for each sample

of sensor data obtained by each discrete sensor.

20. The method of claim 16, wherein the platform sup-
ports a plurality of position sensors.

21. The method of claim 20, further comprising deter-
mining three-dimensional position and orientation of the
platform using the plurality of position sensors.

22. The method of claim 16, further comprising tracking
the one or more position sensors relative to a fixed local
coordinate system from a location remote from the platform.

23. The method of claim 16, comprising:

generating a three-dimensional visualization of a subsur-

face;

displaying a graphical representation of the sensor data

within a volume of the subsurface; and

facilitating user interaction with the three-dimensional

visualization of the subsurface via a graphical user
interface (GUI).

24. The method of claim 23, further comprising facilitat-
ing user picking of a subsurface feature within the volume
via the GUI and identification of the picked subsurface
feature.

25. The method of claim 23, further comprising selec-
tively displaying multiple sensor data slices at arbitrary
orientations via the GUIL.

26. The method of claim 16, further comprising fusing
data produced by disparate sensors for refining the location
of subsurface features and objects.
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